OBJECTIVES-To assess the association between angiotensin converting enzyme inhibitors (ACEis) and improvements in the physical function of older adults in response to chronic exercise training.
Others have proposed that exercise may be used to stimulate certain adaptations to pharmaceuticals that may not be observed in response to the drug alone. 12 For example, an oral peroxisome proliferator-activated receptor delta agonist was shown to improve exercise tolerance in mice only when combined with exercise. 13 Similarly, it was recently reported that the addition of ACEis potentiated exercise-mediated improvements in physical performance in older rats. 14, 15 Both of these studies reported that the addition of ACEis potentiated the beneficial effects of aerobic training on exercise tolerance determined according to treadmill endurance. These preclinical findings add to an extensive literature from genetic studies of humans indicating an important interaction between the reninangiotensin system and physical performance. [16] [17] [18] [19] [20] [21] Although the mechanism of the potential interaction is not fully understood, other animal studies suggest that local skeletal muscle changes may modulate improvements in exercise tolerance resulting from the combination of exercise and ACEi usage because the addition of perindopril to treadmill running results in significantly greater increases in muscle capillary density and the proportion of type I fibers in older rats. 22, 23 Collectively, these studies suggest that ACEis may have the most potential for preserving the physical capabilities of older adults when combined with regular exercise, but no study has examined the effects of ACEi usage on the functional adaptations of older adults in response to chronic exercise training.
The present study is a secondary analysis of the Lifestyle Interventions and Independence for Elders Pilot (LIFE-P) study. LIFE-P was a multisite clinical trial that compared the effects of a 1-year structured physical activity (PA) intervention with a successful aging (SA) health education program in older adults at risk for physical disability. Two of the primary outcomes of the trial were walking speed during a 400-m test and performance on the Short Physical Performance Battery (SPPB), a battery of short-duration mobility tasks validated for use in older adults. 24 The present analysis examined the effects of the interventions on SPPB score and walking speed in 424 participants in LIFE-P who did not use antihypertensive medications, used antihypertensive medications including ACEis, and used antihypertensive medications other than ACEis.
METHODS

Participant Recruitment
Details about specific study inclusion and exclusion criteria of LIFE-P have been reported previously. 25, 26 Briefly, individuals were eligible for the study if they were aged 70 to 89, were sedentary (<20 min/wk of structured exercise in prior month), had a SPPB score of 9 or less, and were able to walk 400 m within 15 minutes. Four hundred twenty-four participants were randomized into the PA and SA study arms at four sites (Cooper Institute, Stanford University, University of Pittsburgh, and Wake Forest University) and followed for at least 12 months. All participants provided written informed consent, and the institutional review boards of all participating institutions approved the study protocol.
Medical Screening
To ensure the safety of the exercise program for potential participants, a thorough medical screening was performed. 27 The screening procedure included the completion of a medical history questionnaire, an electrocardiogram, a physical examination performed by a study physician, and completion of the Community Healthy Activities Model Program for Seniors physical activity questionnaire. 28 Participants were also asked to bring all prescription and nonprescription medications they had taken in the previous 2 weeks to this screening visit. Drug names and whether the medication was prescribed were recorded. Medications were later coded to reflect their function (e.g., antihypertensive) and drug class (e.g., ACEi, diuretic, beta-blocker).
Successful Aging Intervention
The SA intervention (serving as an attention control group) was designed to provide health education and maintain contact with participants. Those randomly assigned to SA attended group presentations weekly for the first 26 weeks and then monthly until the end of the trial. Presentations were given on health topics relevant to older adults, such as nutrition, medication use, foot care, and preventive medicine. All SA participants received basic information about physical activity participation, and each class concluded with upper extremity stretching. Regular telephone contact was made to encourage participation.
Physical Activity Intervention
Participants randomized to the PA intervention performed walking, strength, flexibility, and balance training in center-and home-based settings. In the adoption phase (Weeks 1-8), three supervised center-based physical activity sessions per week were conducted. These sessions were 40 to 60 minutes in length and were used to initiate the walking program and introduce participants to the strength, stretching, and balance exercises in a safe and effective manner. The strength exercises included standing chair squats, toe stands, leg curl, knee extensions, and side hip raises with ankle weights. The balance exercises involved a series of dual-and single-leg standing movements.
The intensity of training was gradually increased over the first 2 to 3 weeks. Moderateintensity exercise was promoted and assessed using the Borg scale, 29 a numerical scale indicating effort from minimal 6 to maximal. 20 Participants were asked to walk at a target intensity of 13 (somewhat hard) and perform strength training at an intensity of 15 to 16 (hard). In the transition phase (Weeks 9-24), the number of center-based sessions was reduced to two times per week, and home-based activities were increased. In the maintenance phase (Week 25 to the end), participants were encouraged to perform home-based physical activity a minimum of 5 days per week, and one weekly center-based session was offered. The maintenance phase was continued until the final closeout assessment visits. Staff members monitored the volume and intensity of exercise throughout the study by recording the completed walking time and overall rating of perceived exertion (RPE) for each training session.
Measures of Physical Function
The primary measures of physical function for this analysis were walking speed during a 400-m test (long-distance walking speed) and score on the SPPB. During the 400-m test, participants were asked to walk 10 laps of a 20-m course (1 lap = 40m) at their usual pace. Participants were allowed to stop and rest if necessary but without sitting. If a participant did not complete the course, the time and distance completed were recorded, and walking speed was determined accordingly. The SPPB is a well-validated battery of tasks designed to examine lower-extremity function in older adults. The test is based on timed measures of standing balance, short-duration walking (4 m), and ability to rise from a chair. Each task was scored on a scale from 0 to 4 depending on the ability and time needed to complete each task. A summary score (range 0-12) was subsequently calculated by summing the three scores. 24 
Statistical Analysis
For this analysis, participants were categorized according to antihypertensive medication status as nonusers of antihypertensive medications, users of ACEis, or users of other antihypertensive medications. If an individual used ACEi and another antihypertensive medication, they were considered to be an ACEi user. Separate analyses indicated that the use of angiotensin receptor blockers (ARBs) was not associated with differential effects of exercise, so these medications were not segregated for the present analysis. Sensitivity analyses were also performed to determine the estimated effect of the intervention on potentially confounding demographic factors and indications.
An a priori alpha level of 0.05 was established to determine statistical significance. Baseline characteristics according to medication stratum were compared using analysis of variance for continuous variables and chi-square tests for discrete variables. When continuous values were nonnormally distributed, the Kruskal-Wallis test was used for comparisons. Medians (25th and 75th percentiles) were reported for these comparisons. Post hoc tests were performed as appropriate to demonstrate pairwise comparisons between strata. Repeatedmeasures analysis of covariance (ANCOVA) was used to investigate differences in longdistance walking speed and SPPB scores. To adjust for potentially confounding factors, covariates included in the model were age, sex, study site, body mass index, self-reported health status, baseline outcome measure, and a comorbidity index. The comorbidity index was calculated as a composite score based on the presence of 10 prevalent comorbidities: hypertension, heart attack, heart failure, stroke, cancer, diabetes mellitus, broken hip, arthritis, liver disease, and lung disease. Intervention assignment, visit, medication status, and all interactions between visit, medication, and intervention assignment were checked. Only interaction between intervention assignment and visit was adjusted in the model. If the interaction between medication groups and intervention assignment was significant or showed a trend toward significance, the analysis was stratified according to medication group. For each medication stratum, hypothesis tests for intervention effects at the 6-and 12-month assessment visits were performed using contrasts of the 6-and 12-month intervention means in the ANCOVA model. Overall comparisons between groups across follow-up visits were obtained using a contrast to compare effects across both follow-up visits To examine the clinical significance of ACEi use, the proportion of participants who obtained clinically significant benefits at 12 months was computed for ACEi users and all nonusers (nonusers included antihypertensive nonusers and users of other antihypertensive medications) for long-distance walking speed and SPPB score. Participants were coded as displaying clinically significant improvement, no clinically significant change, or clinically significant decline in each measure based on previously established cut points (SPPB, ±1 point; walking speed, ±0.05 m/s). 30, 31 For each measure, the number needed to treat (NNT) -an important measure of clinical meaningfulness 32,33 -was then determined for improvement, as well as prevention of decline. The NNT was calculated using the formula [1/(proportion of PA benefiting) − (proportion of SA benefiting)]. Finally, the proportion of ACEi users and all nonusers with major mobility disability-operationally defined as inability to complete the 400-m walk-was calculated. Because the number of failures was small, walk failures from the 6-and 12-month follow-up visits were combined for this analysis.
RESULTS
The mean age of the 424 participants was 76.8 ± 4.2; 68.9% were female, 25.5% were racial or ethnic minorities, and 41.7% had a SPPB score of 7 or less. Participant demographic characteristics are listed in Table 1 according to medication status. Antihypertensive nonusers had lower body mass index, better self-reported health, and fewer health conditions than those who used antihypertensive medications, but the PA and SA groups were largely homogenous within each medication stratum, with the exception of diabetes mellitus prevalence and diastolic blood pressure in ACEi users (Table 2) .
Seventy-five percent of study participants were taking at least one antihypertensive drug. Of the antihypertensive medication users (n = 317), 39% (30% of the total sample) were using ACEis. Study participants used eight different ACEi, with the most commonly used drugs being lisinopril (n = 62), benazepril (n = 17), and enalapril (n = 15). Of those who did not use antihypertensive medications (n = 107), approximately one-third (n = 35) had systolic blood pressure greater than 140 mmHg or diastolic pressure greater than 90 mmHg at baseline.
Attendance to (P = .73) and volume of exercise performed during (P = .26) the PA intervention sessions did not differ between medication strata, nor did median RPE of the sessions (P = .19). Over the course of the study, median session attendance was 72% (interquartile range (IQR) 45-84) for ACEi users, 68% (IQR 49-82) for users of other antihypertensive medications, and 70% (IQR 50-78) for antihypertensive nonusers. The median center-based walk time recorded by ACEi users over the course of the study was 1,885 minutes (IQR 1,144-2,708), slightly higher than that of antihypertensive nonusers (1,613; IQR 967-2,265 min) and users of other antihypertensive medications (1,660; IQR 914-2,457). ACEi users reported a median RPE of 12.2 (IQR 11.6-12.8), compared with 12.0 (IQR 11.4-12.5) for antihypertensive nonusers and 12.5 (IQR 11.8-13.1) for users of other antihypertensive medications.
For SPPB performance, a significant intervention according to medication interaction was observed (P = .02). The PA intervention did not improve SPPB performance in those who did not use antihypertensive medications any more than the SA intervention did ( Figure 1A ). The adjusted difference between PA and SA interventions for nonusers was 0.15 points (P = .63) at 6 months and −0.08 points at 12 months (P = .83). In contrast, ACEi users displayed dramatic improvements in SPPB score in response to PA ( Figure 1B) . ACEi users in the PA intervention improved by an adjusted 1.35 more points at 6 months (P < .001) and 0.95 more points at 12 months (P = .003) than those in the SA intervention. Likewise, users of other antihypertensive medications displayed improvements in SPPB in response to the PA intervention, although these improvements were more modest ( Figure 1C) . The adjusted differences for this strata were 0.68 points at 6 months (P = .008) and 0.77 points at 12 months (P = .01).
For long distance walking speed, the medication-by-intervention interaction did not reach statistical significance (P = .18), nor did the medication-by-intervention-by-visit interaction (P = .09). In the stratified analysis, a significant effect across all study visits was observed only for ACEi users. For participants who did not use antihypertensive medications, the adjusted difference between the PA and SA interventions was 0.01 m/s at 6 months (P = .58) and 0.05 m/s (P = .048) at 12 months (Figure 2A) . For ACEi users, the adjusted difference between the PA and SA groups was 0.07 m/s at 6 months (P < .001) and 0.06 m/s (P = .009) at 12 months ( Figure 2B ). For users of other antihypertensive medications, the adjusted difference between PA and SA groups was 0.03 m/s at 6 months (P = .03) and 0.02 m/s at 12 months (P = .23) ( Figure 2C ). Sensitivity analyses for each outcome indicated that included covariates did not appear to be responsible for the effects of exercise in ACEi users ( Figure  S1, supporting information) . The results for long-distance walking speed were similar to those of short-distance (4 m) walking speed measured during the SPPB. For short-duration walking speed, exercise significantly improved walking speed in ACEi users (P = .049) but not users of other antihypertensive medications (P = .86) or antihypertensive nonusers (P = . 16).
With respect to promoting a clinically significant improvement in SPPB performance, the percentage of ACEi users who benefited from PA at 12 months (percentage of PA participants − percentage of SA participants who experienced clinically significant improvements) was much higher in ACEi users than nonusers ( Figure 3A) . As a result of these differences, the NNT to achieve a clinically significant improvement in one participant was 4.3 for ACEi users and 14.7 for nonusers. The disparity between users and nonusers was even more dramatic for preventing decline ( Figure 3B ). The NNT to prevent one clinically significant decline was 4.0 for ACEi users and 20.8 for nonusers. Similar to SPPB, the proportion of ACEi users making clinically significant improvements in 400-m walking speed was significantly higher than of nonusers ( Figure 3A ), resulting in a NNT of 5.6 for ACEi users and 8.1 for nonusers. The disparity between ACEi users and nonusers was consistent for preventing decline in 400-m walking speed ( Figure 3B) , with a NNT of 8.3 for ACEi users and 52.6 for nonusers. The results were similar for the frequency of 400-m walk failures. Essentially no difference existed between interventions for ACEi nonusers. Of nonusers, 10.3% of participants in PA failed a walk during the study, compared with 11% of those in the SA intervention (P = .86). In contrast, ACEi users in the PA group had a lower rate of walk failure (9.2%) than those in the SA group (21.4%), although the comparison narrowly missed reaching statistical significance (P = .06).
DISCUSSION
Angiotensin converting enzyme inhibitors are widely used in older adults for the treatment of hypertension. In recent years, investigators have also ascribed other potential benefits to ACEis, including improvement in physical function. 3, 4 The present study is the first to report that physically limited older men and women using ACEis derived more functional benefit from a 12-month exercise intervention than nonusers. Persons taking ACEis were more responsive to exercise than nonusers with respect to performance on short-duration mobility tasks and changes in 400-m walk speed.
Previously, epidemiological evidence from the Women's Health and Aging Study and the Systematic Assessment of Geriatric drug use via Epidemiology Study reported that ACEi use was associated with attenuated declines in muscle strength, walking speed, and overall physical function according to self-reported activities of daily living. 5, 6 Despite these promising findings, results of subsequent RCTs were mixed regarding the effects of ACEis on physical performance. [8] [9] [10] [11] Although several factors may be responsible for explaining the disparate results of these trials, it may be that the results of these RCTs were limited because participants were in an untrained state. Taking the data from these trials in the context of the present findings related to the effectiveness of exercise, it may be that ACEi usage lays a foundation of improved exercise tolerance on which chronic training builds. It has previously been reported that, in older rats, combining exercise with pharmacological ACE inhibition improved exercise tolerance significantly more than exercise alone. 14, 15 These findings are consistent with genetic findings indicating that the insertion (I) of a 287 bp fragment in the ACE gene locus, resulting in low ACE circulating activity, is associated with enhanced cardiovascular performance. 21 Local morphological changes within the activated skeletal muscle may modulate improvements in exercise tolerance resulting from the combination of exercise and ACEi usage. Previous studies have reported that the addition of perindopril to treadmill running results in significantly greater increases in muscle capillary density and the proportion of type I fibers in older rats. 22, 23 Low ACE activity has also been associated with greater insulin sensitivity after training. 34 These adaptations stimulate oxygen delivery and metabolic exchange of the muscle, allowing the activated muscle to respond better to the increased energy demand of exercise. These changes could allow for an increased workload during each training session, resulting in improved adaptation over time. Although not statistically significant, ACEi users logged the most walking time in the present study-even more than the healthier group of participants not taking antihypertensive medications.
Meanwhile, ACEi users in the PA intervention also displayed the greatest improvement in performance on the SPPB-a battery of short-duration tasks. Although the 400-m walk and SPPB are each important tests of function in older adults, each test captures a different aspect of physical function. The 400-m walk involves cardiovascular function, whereas the SPPB more directly captures abilities such as muscle strength and balance. The present findings support those of a previous study that found that continuous ACEi usage in older women was associated with attenuated declines in muscle strength and 4-m walk speed. 6 Because the PA intervention included resistance exercises, it is possible that greater aerobic capacity allowed for enhanced performance of these resistance exercises during each training session, although this interpretation is only speculative. In addition, the SPPB improvement was marked in the PA group in antihypertensive nonusers, although the exercise intervention did not improve SPPB score beyond that seen in the SA group, meaning that the overall efficacy of the exercise intervention was minimal in these individuals. Because the individuals in this stratum largely represent the healthiest segment of the study population, it is possible that an educational intervention is sufficient for maintaining function in these individuals, although it remains to be seen whether adjuvant therapy may enhance the benefits of exercise in these individuals.
These findings are in contrast to genetic studies that-although not entirely consistenthave largely reported that low ACE activity is associated with low muscle strength. 20, 35, 36 A recent study reported that older adults who were homozygous for the I allele (I/I) displayed lesser gains in knee extensor strength in response to training than those with the deletion (D)/D genotype. 17 Another study previously reported that physically active older adults with the I/I genotype had a greater risk of incident mobility limitation than those with the I/D and D/D genotypes. 16 The cause of this apparent discrepancy between the literature regarding pharmacological ACE inhibition and genetically low ACE activity remains to be determined. One possible explanation is that ACEis have effects that extend beyond regulating the activities of ACE and bradykinin. 37 Future studies may also investigate whether an interaction exists between ACE genotype and ACEi usage with regard to functional adaptations to exercise.
The primary strengths of this study are a clinically relevant population, multisite design, large sample size, and well-tracked exercise participation over a relatively long period, although the results of this study should not be overinterpreted because the findings are based on a secondary analysis, and participants were not randomly assigned to medication usage. 38 The analyses were adjusted for several potentially confounding factors, and sensitivity analyses suggested that it is unlikely these factors caused the observed effects of ACEis. For example, the ACEi user stratum had the highest proportion of participants with diabetes mellitus yet people with diabetes mellitus had a slightly worse response than those without. Likewise, those with osteoarthritis had a strong improvement in SPPB, yet the ACEi users had the lowest proportion of individuals with osteoarthritis. Still, residual confounding remains a possibility and a potential source of bias in the direction or magnitude of effect observed for ACEi use. Subsequently, investigation using a randomized controlled design is still needed to determine conclusively whether ACEi use truly enhances exercise responsiveness in older men and women. Questions also remain regarding whether ACEis would provide such a benefit to individuals without hypertension. Older adults with hypertension have accelerated declines in physical function and are therefore the prime candidates for targeted interventions. [39] [40] [41] [42] The preclinical data support the hypothesis that ACEi use can improve the responsiveness of individuals without hypertension to chronic exercise training, but studies are needed to determine this. 14 In conclusion, this study is the first to report that older persons at risk of physical disability who use ACEis are the greatest beneficiaries of exercise training. These findings add to those of previous studies in indicating that tremendous heterogeneity exists in the relative effects of exercise on the physical function of older adults. 43 Thus, exercise alone may not be sufficient to prevent physical disability in many older men and women. If confirmed, these findings will have important implications treatment of older adults at risk of becoming physically disabled.
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